Proteins may be rigid or flexible to various degrees as required for optimum function. Flexibility at the level of amino acid side-chains occurs universally and is important for binding and catalysis. Flexibility of large parts of a protein which rearrange or move are particularly interesting and will be discussed here. We differentiate between certain categories of large-scale flexibility although the boundaries between them are diffuse: flexibility of peptide segments, domain motions and orderdisorder transitions of spatially contigous regions. The domains may be flexibly linked to allow rather unrestricted motion or the motion may be constrained to certain modes. The polypeptide segments linking the domains show characteristic structural features. The various categories of flexibility will be illustrated with the following examples. catalyse two consecutive enzymic reactions. The p-subunits form a shell, in which the a-subunits are enclosed. Diffusional motion of the catalytic intermediates is therefore restricted. In addition, segmental rearrangement occurs in the assembly of the j-subunit.
Introduction
The term molecular flexibility is not well defined, but is picturesque and used often in reference to vibrations, disorder or structural adaptation of molecules. These are quite diverse physical phenomena, but all are determined by the nature and three-dimensional arrangement of the atoms of the molecules and the force field in which the atoms move. Many physical and chemical properties of molecules Abbreviations used: BPTI. base pancreatic trypsin inhibitor; TMV, tobacco mosaic virus; n.m.r., nuclear magnetic resonance.
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Delivered on 8 April 1987 at the University of L eicester PROFESSOR R. HUBER depend on their dynamic properties which have been studied by a variety of theoretical and experimental approaches. Such studies have led to a very detailed understanding of structure and dynamics of many small molecules. However, theoretical approaches to understand the flexibility of proteins by analysis of the normal modes of vibrations or by molecular dynamics suffer from both fundamental and computational problems owing to the very large number of atoms and internal vibrational degrees of freedom, the lack of precise knowledge of the potential energy for displacement from the equilibrium atomic positions and the breakdown of the harmonic approximation in normal mode analysis. In addition, the effects of the solvent cannot be neglected and add to the complexity of the system. Despite these limitations some useful information about macromolecules has been obtained by theoretical approaches and ( Wiegand et al., 1984) Citrate synthase is a dimeric molecule of subunits of 437 amino acids. The open form (a) is characteristic for the free enzyme. The closed form (b) exists in the presence of product (citrate and coenzyme A) and substrate (oxaloacetate and acetylcoenzyme A). more is to be expected with further development of methods (for reviews see Krimm & Bandekar 1986; Karplus & McCammon 1981; Levitt, 1982; Peticolas, 1979; Cooper, 1984) . Similarly experimental approaches in the case of complex protein molecules provide usually only partial and approximate insights. These are nevertheless most welcome in view of the importance of dynamic properties for protein function. It seems likely that essentially any interaction of proteins with small or large ligands involves some structure adaptation; be it enzymic reactions, where chemical bonds are formed or broken or groups of atoms transferred; be it rearrangements of domains in proteins or of subunits in oligomeric proteins which occur in a cycle of reactions, motion is essential. Even in structural proteins, such as viral capsid proteins flexibility of parts is important for the assembly process. (For a review see Bennett & Huber, 1984.) On the other hand, the space filling representations of protein molecules obtained by crystallographic methods emphasize the tight packing, quasi-crystalline arrangement and rigidity of their constituent groups of atoms (Fig. I ). It is indeed well known that protein-protein and proteinligand interaction is based on steric complementarity. Thus it is important to recognize that both flexibility and rigidity are general properties of protein molecules and it is the specific example in which either flexibility or ridigity apparently dominate.
To illustrate this, a number of proteins with various kinds and degrees of flexibility and examples of particularly rigid proteins, their functional significance and the underlying structural features will be discussed. The selection of examples and the aspects described is somewhat arbitrary. In the review cited above more comprehensive treatments of various aspects of flexibility may be found.
The sketch in Fig. 2 illustrates various kinds of flexibility and their functional consequences observed in proteins and discussed in examples below: flexibility at the level of amino acid side-chains, polypeptide segments, or domains which might move as rigid bodies or undergo structural transitions; flexibility of large parts of a protein which might serve a regulatory purpose, or allow binding to epitopes in different geometric arrangement or generate an active site.
Segmental flexibility
Small protein proteinase inhibitors are particularly stable protein molecules. The basic pancreatic trypsin inhibitor (BPTI) is representative for this class of proteins. It is thermally very stable, in that a large proportion of the main-chain amide hydrogen atoms of the polypeptide do not exchange for deuterium in 'H,O as shown by proton n.m.r. (Wagner & Wuthrich, 1979; Wuthrich & Wagner, 1984) and neutron diffraction (Wlodawer et al., 1984) . However, n.m.r. studies have also shown that BPTI undergoes very substantial structural fluctuations such as those revealed by the observation of flipping of aromatic amino acid sidechains located in the interior of the protein molecule (Hetzel et al., 1976) . This is a process with high activation energies and activation volumes which indicates that large fluctuations of energy and void volume occur in the protein even at room temperature. These fluctuations may provide a pathway for small molecules to diffuse into the protein.
Penetrating water is likely to be involved in hydrogendeuterium exchange processes, which are observed even in crystalline samples (Wlodawer et al., 1984) .
X-ray diffraction techniques are unable to provide information about activated processes as they are rare and very fast, and do not measurably influence the crystal structure observed as an average in time and space. However, X-ray diffraction data bear information on the positions and the temperature factors (or better disorder factors) of the atoms. The latter are measures of the average deviation from the equilibrium positions and may help to differentiate rigid and soft parts of a protein, but do not distinguish between the quite different physical phenomena of thermal mobility and static disorder. In addition to temperature factors, the analysis of different crystal forms of the same protein may help to define flexible parts as they are readily distorted by crystal lattice forces in contrast to the rigid parts (Fig. 3) . (1987) showed enhanced flexibility of the segment around lysine 18. This segment is involved in specific binding to proteases and undergoes slight rearrangements upon complex formation to improve the stereochemical fit of the interacting surfaces (see figure  10 in Bode et al., 1976) . It seems that segmental flexibility is functionally relevant in this case.
ELEVENTH KEILIN MEMORIAL LECTURE
Similar phenomena have been found in other protease inhibitor families, the pancreatic secretory inhibitor and ovomucoids (Bolognesi et al., 1982; Papamokos et al., 1982) , where it has been observed that the segment of the inhibitor buried in the complex shows much lower temperature factors in the complex than in the free state (see figure I l a in Bolognesi et al., 1982 and figure 5 in Papamokos et al., 1982) . However, the structural adaptation upon complex formation is small and not at variance with the notion of preformed steric complementarity of small protease inhibitors and the cognate proteases. In accord with this notion, all such inhibitors of the serine proteases, even those from unrelated families and with unrelated polypeptide Vol. 15 chain folds show a closely similar conformation of the protease-binding segment (Bode et a[., 1986; Read & James, 1986) .
The consistent picture of small protein inhibitors of serine proteases does not hold for the inhibitors in mammalian blood. These are much larger molecules and function differently in at least one aspect: proteases may specifically cleave the susceptible peptide bonds in both small and large inhibitors, but the nicked form is active only in the small inhibitors, where the new chain ends remain in close proximity as recent crystal structure analyses of nicked ovomucoid inhibitors show (Musil, 1987) . Interaction of the nicked species with proteases leads to resynthesis of the susceptible peptide bond (Laskowski & Kato 1980) . In contrast, the nicked form of large protease inhibitors is inactive. An analysis of the crystal and molecular structure of a1 -protease inhibitor has provided a molecular interpretation of this phenomenon (Loebermann et al., 1984) .
The structure analysis of the nicked form of al -protease inhibitor cleaved at Met-358-Ser-359 showed a compact molecule with a very high proportion of well-ordered secondary structure. Surprisingly, the new termini Met-358 and Ser-359 are located on opposite ends of the molecule, separated by about 7 nm and incorporated in two p-sheets (Fig. 4) . Although the structure of the intact aI -protease inhibitor is not yet known, it is clear that it must be rather different as Met-358 is covalently bonded to Ser-359 in this species. In accord with this notion, a number of observations suggest that cleavage of the Met-358-Ser-359 bond is accompanied by very substantial alterations of stability and physiological properties ( Fig. 5) (Carrell, 1984) . The intact protein species may be regarded as a strained form (S), which relaxes after limited proteolysis to form R.
Conformational strain may accumulate in the Met-358-Ser-359 peptide bond and lead to exceptional affinity for serine proteases and susceptibility to proteolysis. aI -Protease inhibitor is a member of a large family of proteins to which serine protease inhibitors in serum and also other proteins with quite different functions belong (Bock et al., 1986) . Other members of this family probably have similar properties. Conformational strain may also explain the unusual susceptibility of the bait region of a,-macroglobulin, another plasma protease inhibitor unrelated to the a, -protease inhibitor family 198 1) . 
. Schemes of the two forms of u, -protease inhibitor
The intact form of the inhibitor which is believed to have an exceptionally exposed bait region and to be in strained conformation (S). After limited proteolysis, it relaxes to the crystallographically observed compact form (R), shown in Fig. 4 .
Order-disorder transition
The target molecules of the natural serine protease inhibitors, the serine proteases show a different kind of flexibility. Serine proteases are synthesized as pro-enzymes which are activated by limited proteolysis (Neurath & Davie, 1955; Desnuelle & Fabre, 1955) . The accompanying structural thermodynamic and kinetic data have been analysed in great detail (Huber & Bode, 1978) . The scheme of Fig. 6 (a) summarizes the results obtained through the comparison of trypsinogen, trypsin, and their complexes with BPTI. In the pro-enzyme trypsinogen a part of the molecule, called the activation domain, is disordered. It becomes ordered upon conversion to trypsin. The trigger for this event is the formation of a salt linkage between an aspartate residue and the N-terminus liberated by the activation cleavage. The activation domain is involved in substrate binding, which requires an ordered state. The catalytic inefficiency of trypsinogen is due to inefficient substrate binding. Very strong ligands like BPTI are able to bind to trypsinogen and to induce an ordered state of the activation domain without activation cleavage at the expense of a part of the energy of interaction.
Other systems involving biological macromolecules that show an order-disorder transition have been characterized at the atomic level although in less detail than the serine protease system. Similar to the serine proteases there is a disorderorder transition that occurs when pro-phospholipase is converted into the active enzyme phospholipase (Dijkstra et at., 1982) . A substantial part of the C,2 domain of the Fc part of immunoglobulins is disordered (Deisenhofer, 198 I) . It has been suggested that some of the disordered segments in immunoglobulins are involved in effector functions. In tobacco mosaic virus (TMV), the polypeptide chain in contact with the ribonucleic acid (RNA) is ordered in the intact virus (Stubbs et af., 1977) , but disordered in the empty protein disk (Champness et al., 1976) suggesting that a disorder-order transition of this region of the coat protein accompanies the process of viral assembly. The ordering of a flexible N-terminal 'arm' region of selected coat-protein subunits also seems to be involved in the assembly of tomato bushy stunt virus and other small icosahedral viruses (Harrison, 1983) .
So far the unspecific term 'disorder' has been used to describe the state of the activation domain in trypsinogen indicating only that this region does not contribute significantly to the X-ray diffraction pattern of the crystal. This behaviour could be caused by either static or dynamic disorder: static disorder may be defined as the existence of different conformers of the molecule located a t different sites in the crystal lattice, while dynamic disorder would imply a single conformer with large thermal fluctuations. The temperature dependence of these two models is expected to be quite different, so that a series of diffraction experiments at different temperatures may discriminate between static and dynamic disorder. Low temperature diffraction studies of protein crystals are difficult but have been carried out with trypsinogen crystals (Walter et al., 1982) . These show that even at the temperature of liquid nitrogen the activation domain does not contribute to X-ray scattering. This suggests the presence of static disorder. We conclude that the activation domain exists in a number of different conformations of comparable stability which may be in dynamic equilibrium at room temperature, but frozen in an ensemble of conformers at low temperature. The equilibrium of the conformers may be shifted by weak external forces like crystal packing and one conformer selectively stabilized. This is indeed the case in a-chymotrypsinogen, a serine protease pro-enzyme related to trypsinogen. Two different crystal forms have been analysed, one of which had two independent molecules in the asymmetric unit (Wang et al., 1985; Kraut, 1971; Wright, 1973) . All three molecules experience different crystal packing forces. These have little effect on the rigid parts of the molecular structures but distort the soft activation domain and stabilize different conformers. These studies confirm the general conclusions drawn from the studies on trypsinogen and reveal another facet of the iridescent term of disorder. A deeper understanding of the physical basis of the experimental findings may be brought to light by molecular dynamics calculations of the trypsinogen-trypsin system which are currently in progress (Briinger et al., 1987) .
X-ray crystallographic experiments at different temperatures are able to differentiate between dynamic and static disorder and in the latter case to define a lower limit of the number of conformers. However, the term 'static disorder' as defined by diffraction experiments is somewhat confusing as transitions between the conformers may occur depending on temperature. Diffraction experiments cannot reveal the characteristic rates and energies of these dynamic processes in either case. This is the domain of spectroscopy. In the case of trypsinogen, perturbed angular y-correlation spectroscopy was applied and, indeed, has shown transitions in the nanosecond range a t room temperature which are frozen at low temperature (Butz et af., 1982, 1983 ). The conclusion from the crystallographic and spectroscopic experiments is that the activation domain fluctuates rapidly at room temperature between conformers of nearly equal stability. On top of this motion the atoms vibrate about their equilibrium positions in the different conformers. Such properties resemble liquids, but surely apply only to disordered regions of the protein (for a critical evaluation see Bialek & Goldstein, 1985) .
Domain motion
So far structural and functional aspects of flexibility and disorder in small parts of proteins have been discussed. We now turn to protein systems where very large parts (domains) move relative to others as rigid bodies. The changes in Trypsinogen also forms a complex with BPTI (C) in which the activation domain is ordered. This complex is much weaker than E, but is strongly stabilized by interaction with an exogenous peptide simulating the N-terminus of trypsin (D). States A, B, C, D, E have been crystallographically observed and thermodynamically characterized (large numbers). The other states are hypothetical (Huber & Bode, 1978) . (b) The activation domain becomes ordered and the binding pocket for the ligand p-guanidobenzoate is formed in the presence of the exogenous peptide (I). Structure thermodynamics and kinetics of this system have been analysed (Huber & Bode, 1978; Nolte & Neumann, 1979) . They indicate a relatively slow isomerization step (26 s-I) from a loose IT complex to the stable I T species) probably associated with the rigidification process. conformation which accompany or allow such motions are usually limited to short segments or single peptide units, called hinges. Glycine amino acid residues are very common in hinge regions possibly because the absence of a side-chain imposes less restrictions on conformation. Similarly, glycine residues very often mark the boundaries between ordered and disordered segments in the protein systems discussed before.
The paradigm and probably best-defined example of a protein with rather unrestricted domain motions is immunoglobulin. Immunoglobulins of the class G (IgG) are symmetrical dimers of two heavy chains (H) and two light chains (L). Amino acid sequence studies had suggested long before crystal structures became available that the heavy and light chains are linear arrangements of four and two, respectively, structurally related domains. Consistent with this notion were the observations that the segments connecting the domains are preferentially cleaved by proteolytic Vol. 15 enzymes to liberate stable fragments which retain partial functions of the intact molecule.
Hydrodynamic, spectroscopic and electron microscopic studies provided evidence for extensive flexibility of the immunoglobulin molecule (Noelken et al., 1965; Yugerabide et al., 1970; Schumaker et al., 1980; Valentine & Green, 1967) , but it required crystallographic studies to confirm the domain motif of immunoglobulin structure and to reveal the potential modes of motion at the atomic level (Fig. 7) (for a review see Huber, 1984) . It was found that closely related IgG fragments analysed in different crystal forms differ in the relative arrangement of the pairs of domains (modules). The arrangement of the (V,-V,) module relative to the (C, l-CL) module within the Fab arms shows variations up to 60 deg. in elbow angle. The relative orientation of the Fab arms is even more variable from maximal extension (T-shape) to an almost parallel arrangement as suggested by electron micrographs. The structure of the Fc fragment, the stem part of the immunoglobulin molecule is more constant, but the orientations of the C,2 domain relative to C,3 vary by 5-l0deg. in different crystalline environments. In a fortunate case crystallographic experiments allowed direct observation of flexibility between Fab and Fc because crystals of an intact Ig and its (Fab), fragment, which lacks Fc, were available (Marquart et a/., 1980) . Both crystals show a very similar distribution of their X-ray diffraction intensities even at low resolution. This observation proves disorder of the Fc part in the crystalline state and shows that the disorder is predominantly static as defined above. If the Fc part were dynamically disordered, oscillating about a single equilibrium position, the diffraction patterns of intact IgG and (Fab), should be different at least at low resolution.
A flexible linkage of the Fab parts to the Fc stem has functional importance as shown by IgG variants in which the hinge segment linking Fab and Fc is shortened by a deletion. These are defective in some of the biological functions associated with the Fc part. This relates to the interesting issue of co-operation between the different functions of Fab and Fc parts: antigen binding and effector functions, respectively. The covalent association of Fab and Fc links these functions in space, while the relative flexibility of these segments imposes little restrictions on the reactivity of Fab and Fc with other macromolecules. Flexibility is impaired in the hingeless IgG variants and binding sites on Fc might be concealed by the Fab. There are no functional data which support the existence of co-operative effects other than those mentioned. Structural flexibility is indeed inconsistent with the idea of signal transmission between Fab and Fc unless a conformer with a rigid F a b F c association exists . However, signal transmission between the (V,-V,) and (C, I-C,) modules within the Fab part has been shown by a number of experiments. The (V,-V,) and (C, 1-C,) modules are separated by the switch peptides, which allow elbow bending and the formation or breakage of longitudinal V,-C, 1 non-covalent interactions. The recently suggested distortion of the V,-V, module by antigen binding could act as a trigger, altering the elbow angle and the contact with the C, ILC, module (Colman et al., 1987) .
A number of other proteins are known which have covalently, but flexibly linked domains, including protein A (Deisenhofer et al., 1978; Deisenhofer, 1981) and ovomucoid protease inhibitors (Laskowski & Kato, 1980; Papamokos et al., 1982) . Structural studies have been performed on proteolytic fragments of these proteins. These and the functional properties of the fragments indicate that they retain their structure and thermal stability in the intact molecules and suggest a lack of significant interaction between the domains. As deduced from repeating amino acid sequences, it is likely that a similar scheme of construction holds for the main protein components of the cytoskeleton (spectrin) (Speicher et al., 1982) and the extracellular matrix (fibronectin and laminin) (Engel et al., 1981) . These proteins form a network of domains which have specific binding sites for other cellular components and may serve to organize these components in space.
Motion of the Fab parts of immunoglobulins relative to each other and to the Fc part, is quite free as the long extended connecting segments impose little steric restrictions. Elbow bending within the Fab parts is more restricted by the double linkage of (V,-V,) and (C,-C,) modules. This latter type of domain motion leads to flexibility in some enzymes, where domains oscillate through a small angular range.
Citrate synthase, the condensing enzyme, is an example which is well characterized in structural and functional terms (Remington et al., 1982; Wiegand et a/., 1984; Wiegand & Remington, 1986) . Citrate synthase is a dimeric molecule. Each subunit is folded into a large and a small domain as shown by crystal structural studies of liganded and unliganded enzyme forms. The unliganded enzyme form has a deep cleft between the large and small domains. The small domain is folded by a contiguous chain and doubly linked to the large domain. In the molecular form, that has product bound, i.e. citrate and coenzyme A, the cleft between the large and the small domain is closed enclosing the product molecules (Fig. 1) . A very similar closed form is found when the substrate and a co-substrate analogue, i.e. oxaloacetate and acetonyl coenzyme A, are bound. The difference between open and closed forms may to a first approximation be described by a rigid body rotation of about 18deg. of the small domain relative to the large domain. The tight packing of the closed form of the enzyme suggests that it represents a stable conformation which prevails also in solution. However, an ensemble of open forms may exist in solution of which the one seen in the crystals is favoured by the crystal packing. From a detailed analysis of the structures it appears most likely that catalysis proceeds in the closed form, while substrate uptake and product release occurs in the open form, where the substrate-binding site is accessible to solvent. It is not surprising that the condensation reaction between oxaloacetate and acetylcoenzyme A is favoured in the solvent-free environment of the closed form of citrate synthase where both substrates are in close proximity. In addition to this general effect of proximity and desolvation, there are specific residues involved in catalysis, of which His-274 deserves special mention. I t is adjacent to which is at the domain rotation axis and undergoes a drastic change of conformation between the open and closed forms. It appears that the interaction of His-274 with the substrate might trigger the conformational transition to the closed form which is then stabilized by a multitude of substrate protein interactions. The presence of a glycine residue at the domain boundary is in line with previously discussed cases. When the two closed forms of citrate synthase, which have product and substrate bound, respectively, are compared, numerous differences in the internal structure of the small domains are observed. The enzyme structure responds evidently to the state of the catalytic reaction and the binding requirements of the reaction intermediates. This type of flexibility is related to the subtle conformational changes seen in small protease inhibitors when bound to proteases.
The ligand-induced conformational change of citrate synthase is in accord with an ordered, sequential binding of the two substrates: oxaloacetate and acetyl coenzyme A and strong co-operativity between them. The structural explanation for these kinetic properties seems to be that oxaloacetate induces the closed form, which generates a binding site for the co-substrate as the open form has no binding site for coenzyme A (Fig. 8) .
A domain motion generating the open and closed forms seen in citrate synthase has been found and defined in detail in a few other proteins: asparate aminotransferase (Ford et al., 1980; Arnone et al., 1982) alcohol dehydrogenase (Eklund et al., 1981) , hexokinase (Bennett & Steitz, 1980) , adenylate kinase (Egner et al., 1987) and is likely to occur in arabinose-binding protein (Saper & Quiocho, 1983) and glyceraldehydephosphate dehydrogenase (Leslie & Wonacott, 1984) .
Flexibility in subunit assembly
It is not surprising that flexibility plays an important role not only in the interaction of protein domains of a single polypeptide chain, but also in the assembly of multisubunit aggregates. The development of favourable contacts between the subunits drives the association. Polypeptide segments exposed in the isolated subunits become buried in the The binding site of coenzyme A is generated in the closed form by residues of the small domain (open ribbon) and the large domains of both subunits (dotted and filled ribbons) (Remington ei af., 1982; Wiegand et af., Wiegand & Remington, 1986) . aggregate and will respond to this drastic change of environment. One type of response we have already seen in the disorder-order transition in TMV-RNA assembly, where direct observations of both states, the empty disk and the intact virus have been possible. Another type of response is seen in the spherical viruses, where the chemically identical protein subunits are not in exactly identical positions in the icosahedral capsid (for a review see Liljas, 1986) . In an icosahedron, sixty units may occupy equivalent positions. When the triangulation number, T equals 3 particles the 3 x 60 protein subunits are arranged in equivalent triples Vol. IS of quasi-equivalent molecules. Quasi-equivalence is reflected in distinct differences of the protein subunits, in the form of relative arrangement of two globular domains. They may adopt one of two different relative orientations depending on the subunit's location with respect to the icosahedral symmetry.
In other cases, polypeptide segments project away from the globular part of a protein subunit, but are associated with a neighbouring subunit in the aggregate. It is likely that these segments are disordered or in an alternative conformation in the isolated subunits. The arm segments of the (Ladenstein et al., 1986; . icosahedral viruses described earlier are one example of this type of flexibility. A recent example is the bifunctional enzyme complex riboflavin synthase (Ladenstein et af., 1986 (Ladenstein et af., , 1987 .
Riboflavin synthase consists of two chemically different subunits. Sixty 8-subunits form a capsid with icosahedral symmetry. Three a-subunits occupy the central cavity. The P-subunit is a globular body formed by a four-stranded 8-sheet and four a-helices, two on either side of the j-sheet. The N-terminal segment of about 10 residues stretches away from the globule and is attached as the fifth outer strand to the P-sheet of a neighbouring subunit in the pentamer. This occurs in a cyclic manner (Fig. 9) . Although the structure of the isolated subunit is unknown, it is likely that the N-terminal segment is flexible as its conformation is not supported by secondary structural interactions. Assembly of the subunits in the pentamer therefore involves rearrangement and stabilization of the N-terminal polypeptide strand.
Rigidity
We now close the circle in our discussion of the dual aspects of flexibility and rigidity in proteins. We might have lost sight of the fact that proteins provide a spatial framework to bind ligands, turn over substrates, accommodate prosthetic groups and pigments. These functions require a quite precise geometrical arrangement of interacting groups. To demonstrate this any of the examples presented under the aspect of flexibility could have been chosen, since in each of these systems well-defined complementary surfaces play an important role in the interaction with ligands or macromolecules. Yet these surfaces often require some flexibility to adapt to the desolvation and change in environment. However, there exists a class of proteins where the aspect of rigidity is dominant and flexibility would lead to wasteful side-reactions. These are protein pigment complexes involved in transfer of light energy and electrons in photosynthesis. Their substrates and products are massless or very small (photons and electrons) and the reactions are intramolecular. I have therefore chosen two examples from this system to emphasize the functional significance of rigidity.
Light collection and light-energy transfer in the peripheral light-harvesting complexes (phycobilisomes) of cyanobacteria occurs by a three-dimensional array of open-chain tetrapyrrole (bilin) chromophores (Zuber, 1986; Glazer, 1985) . The excitation energy is funnelled into the photosynthetic membrane where it is trapped and converted into an electron flow across the membrane by the reaction centres of the photosystems. The energy transfer within the light-harvesting complexes by a mechanism of inductive resonance is very fast and occurs with minimal loss of energy and a quantum efficiency close to one. The coupling of the chromophores and the energy transfer times are governed by their distances and orientations. Motion would interfere with efficient coupling and slow down the energy transfer, so that loss of the excitation energy by fluorescence emission could occur. In the intact complexes, the energy transfer time is several orders of magnitude shorter than the intrinsic fluorescence lifetime. Another mechanism of de-excitation would be photochemical rearrangements of the excited chromophores. Open-chain tetrapyrrole systems indeed have this capacity and undergo photochemical isomerization as pigments in the plant photoreceptor phytochrome. In the phycobilisome components, the pigments are rigidly held by hydrogen-bonding interactions with charged groups of the proteins (Fig. 10) . These forces are strongly directed and oppose motions leading to weaker coupling and to isomerizations (Schirmer et al., 1985 (Schirmer et al., , 1986 (Schirmer et al., , 1987 .
Similar considerations apply to the very fast electron transfer steps in the reaction centres of the photosystem in which the excitation energy provided by the light-harvesting systems drives an electron from a primary donor to a primary acceptor (for a short review including references to other reviews, see Deisenhofer et al., 19853) . Detailed structural data are available for the reaction centre of a purple bacterium, Rhodopseudomomas viridis . Reaction centres of purple bacteria and cyanobacteria are quite different, but have a common general function and probably also structural similarities. A special pair of bacteriochlorophyll chromophores is excited and ejects an electron which is transferred to a primary electron acceptor, a quinone, via a chain formed by bacteriochlorophyll and bacteriopheophytin pigments. As in the light-harvesting systems the quantum efficiency of this process is close to one. Processes such as de-excitation by fluorescence emission do not occur to a significant extent because the electron transfer is by orders of magnitude faster than fluorescence emission due to the appropriate overlap of the electronic orbitals of the electron conducting elements. To achieve this overlap these molecules must be held precisely by the protein matrix. Photochemical isomerizations as a mechanism of de-excitation are unlikely in the cyclic bacteriochlorophyll systems, in contrast to the open tetrapyrrole systems in the light-harvesting complexes. But there is a mechanism by which electron transfer might be retarded through the drag of a moving electron exerted Fig. 10 . Stereo drawing of the bilin chromophore A84 and its environment in C-phycocyanin Polar and charge-charge interactions of Asp-A 187 with the central pyrrolic nitrogens and of Arg-A79, and Arg-A86 with the propionic acid side-chains form a network of bonds sequestering the chromophore in the protein matrix (Schirmer et al., 1985 (Schirmer et al., , 1986 (Schirmer et al., , 1987 on ions or dipolar mobile molecules, in particular water. The fast electron transfer steps indeed occur remote from water by carriers embedded in a hydrophobic protein matrix which is integrated in a membrane (Fig. 11 ). The energy of activation of these processes is very low and they are even faster at lower temperatures proving that nuclear motions are not required.
Cyclic electron transfer involves also a number of slower steps not considered in this context which require nuclear motions, rearrangements and diffusional processes and therefore activation energy.
Conclusion
It was the intention of this paper to point out certain The presumable position of the photosynthetic membrane is indicated 1985~) . For a comparison of sizes (c) and ( d ) show three disks of a phycobilisome and the associated tetrapyrrole pigments. This arrangement resembles an antenna of an organelle (Schirmer et ul., 1985 (Schirmer et ul., , 1986 (Schirmer et ul., , 1987 .
Vol. 15 1020 BIOCHEMICAL SOCIETY TRANSACTIONS aspects of ridigidy and flexibility for structure and function of a number of protein systems and to demonstrate the dual nature of proteins as passive, rigid matrices which hold pigments and as active mobile participants of chemical reactions, respectively. The kinds of flexibility are as diverse and complex as the chemical reactions themselves. It was not and could not be the intention to describe the selected systems completely. Instead the paper represents a selective view and the interested reader is referred to the original publications for further information.
